Densities (F), viscosities (η), and isobaric heat molar capacities (C p ) of binary mixtures containing imidazolium octanoate, [Im][C 7 CO 2 ], a protic ionic liquid (PIL), with four molecular solvents, water, acetonitrile, ethanol, and 1-octanol, are determined as a function of temperature from (298.15 to 323.15) K and within the whole composition range at atmospheric pressure. Excess molar volumes, V E , excess molar heat capacities, C p E , and the deviation from additivity rules of viscosities, ∆η, of imidazolium octanoate solutions were then deduced from the experimental results, as well as apparent molar volumes, V φi , and partial molar volumes, V j m,i . Results are discussed according to the nature of the interaction between the PIL and the molecules and the effect of temperature. The excess Gibbs energies of activation of viscous flow (∆G *E ) for these systems were then calculated at 298.15 K. The excess isobaric heat capacities, C p E , of binary ([Im][C 7 CO 2 ] + solvent) systems, depend also of the nature of the molecular solvent in mixture. The excess properties were then correlated, at each temperature, as a function of composition by a Redlich-Kister-type equation. Finally results have been discussed in terms of molecular interactions and molecular structures in these binary mixtures, and thermodynamic properties of investigated binary mixtures were then compared to literature values together to investigate the impact of the nature of the solvent on these reported properties.
Introduction
Ionic liquids (ILs) are organic salts, liquids at temperatures below 100°C. Because of their unique chemical and physical propertiessincluding stability on exposure to air and moisture, a high solubility power, and extremely low vapor pressuresILs can serve as new solvents for catalysis, synthesis, and extraction as an alternative to volatile organic compounds, which are traditionally used in industrial processes. [1] [2] [3] [4] [5] [6] For this reason, they rapidly gained interest as greener replacements for traditional volatile organic solvents (VOCs). ILs are generally constituted by an organic cation and organic or inorganic anion; those formed by the transfer of a proton between a Brønsted acid and a Brønsted base form a protic subgroup in the class of ambient temperature fluid systems, now referred as "protic ionic liquids" (PILs). To date, PILs have not received a particularly large share of the literature based on IL studies. 7 Nevertheless, this IL family has many useful properties and potential applications, often arising from their protic nature, including as self-assembly media, [8] [9] [10] [11] [12] reaction media and catalysts for organic reactions, [13] [14] [15] biological applications, [16] [17] [18] proton conducting electrolytes for polymer membrane fuel cells, [19] [20] [21] and explosives. 22, 23 In spite of the importance of IL properties in aqueous or nonaqueous solutions, there is limited information available on the thermodynamic properties of IL mixtures with other fluids and these properties still lacking. [24] [25] [26] There are many experimental and theoretical studies, which deal on the behavior of thermodynamic properties of mixtures containing IL with common organic solvents. [27] [28] [29] [30] [31] However, because of the enormous number of possible binary systems, a lot of work remains to be done. Many efforts in this field have been devoted to the study of (room-temperature ionic liquid (RTIL) + water) and (RTIL + alcohol) binary systems, mainly motivated by solubility of ILs in these molecular solvents as well as the low environmental impact of these mixtures. 30, 32 In recent years, ILs based on the 1-alkyl-3-methylimidazolium cation ([C n mim] + ) have received much attention. 33 An interesting aspect of these types of ILs is that the [C n mim] + cations possesses inherent amphiphilic character when the alkyl group is a long hydrocarbon chain. 26 In solution, the solvation and the interactions of the ions or ion pairs with the solvent determine the unique properties of these systems. 34 The volumetric properties of electrolyte and nonelectrolyte solutions have been particularly informative in elucidating the solute-solute and solute-solvent interactions that exist in these solutions.
We have studied in previous work the good micellar properties of new class of PILs based on the imidazolium cation with carboxylates as a counteranion. 35 To continue this work, we present herein thermodynamic and transport properties of imidazolium octanoate in molecular solvents.
The aim of this work is to study density (F), viscosity (η), and isobaric heat capacity (C p ) of imidazolium octanoate PIL in a mixture with molecular solvents as water, alcohols (ethanol and 1-octanol), and acetonitrile. η and C p have been measured at several temperatures from (298.15 to 323.15) K, and F was measured at 298.15 K.
The excess properties were calculated and then correlated, at each temperature, as a function of composition by a Redlich-Kister-type equation. The apparent and partial molar volumes of the investigated PIL solutions have been evaluated as a function of concentration. Limiting partial molar volumes at infinite dilution have been then determined. Finally, the thermodynamic properties of investigated binary mixtures containing the selected PIL were then compared together to investigate the impact of the nature of the solute on these reported properties.
Experimental Section
Materials and Methods. Octanoic acid (g 99 %) and imidazole (g 99.5 %) used into this study are commercially available (Sigma-Aldrich) and were used without further purification. The 1 H NMR spectrum of the PIL is obtained using a Bruker 200 MHz spectrometer, with CDCl 3 as solvent and tetramethylsilane (TMS) as an internal standard. Double-distilled deionized water was used for the preparation of aqueous solutions. Ethanol (g 99 %), 1-octanol (g 99 %), and acetonitrile are commercially available (Sigma-Aldrich). Binary mixtures containing the PIL and molecular solvent were prepared by mass with an accuracy of ( 1 · 10 -4 g using a Sartorius 1602 MP balance. The densities of pure components and their mixtures were measured using a pycnometer immerged in a thermostatted bath. The uncertainty for densities did not exceed ( 0.02 %. The temperature was measured by using a 100 Ω platinum resistance thermometer within an accuracy of ( 0.1 K. A differential scanning calorimeter (Perkin-Elmer DSC6) was used to obtain the isobaric heat capacities of the pure components and investigated mixtures. The measuring and the reference cells were filled with inert aluminum pans. All differential scanning calorimetry (DSC) measurements were performed under a N 2 atmosphere with the heating rate of 5 K · min -1
. The isobaric heat capacities were calculated from heat flow (mW) and the scan rate (K · mn -1 ) for each sample (mg). The uncertainty of each calculated isobaric heat capacities did not exceed ( 1.5 %. Viscosities were measured using a TA Instrument rheometer (AR 1000) with a conical geometry at various temperatures (from (293.15 to 323.15) K) at shear rate ω ) 20 s -1 during heating and cooling runs. The uncertainty of each measured did not exceed ( 0.1 %.
Preparation of Imidazolium Octanoate PIL. The synthesis and physicochemical properties of imidazolium octanoate are reported by our group in a previous paper. 35 Its synthesis has been resumed as following:
Imidazole (95.49 g; 1.40 mol) is placed in a three-neck roundbottomed flask immerged in an ice bath and equipped with a reflux condenser, a dropping funnel to add the acid, and a thermometer to monitor the temperature. Under vigorous stirring, octanoic acid (205.41 g; 1.42 mol) is added dropwise to the imidazole (during 1 h). The mixture temperature is maintained at less than 298.15 K during the addition of the acid by using an ice bath. Stirring is maintained for 4 h at ambient temperature, and a noncolored and low-viscous liquid is obtained. The residual octanoic acid is evaporated under reduced pressure, and the remaining liquid is further dried at 386 K under reduced pressure (0.1 Pa) to obtain the PIL (78.59 g; 98.7 %). Since PILs are very hygroscopic compounds, imidazolium octanoate was dried overnight at 353 K under high vacuum (0.1 Pa) prior to use. The PIL is analyzed for water content using coulometric Karl Fischer titration prior to all measurements. The water content in the PIL, measured after treatment, is close to 60 ppm (0.006 % w w ). To preserve this moisture-sensitive compound, the imidazolium octanoate is then placed into a desiccator containing desiccants like P 2 O 5 . After a few weeks, the water content in this PIL was then remeasured, and water content in this PIL was close to 800 ppm (0.08 % w w ). The PIL is characterized by linear voltammetry, DSC, and 1 H NMR spectrometry. These characterizations are presented in the Supporting Information.
Physicochemical properties at 298. 
Results and Discussion
The volumetric properties of ([Im][C 7 CO 2 ] + solvent) mixtures are described in this section.
Densities and Excess Molar Volumes. The density values,
) mixtures, where the solvent is water, acetonitrile, ethanol, or 1-octanol, are measured at 298.15 K with an accuracy of (( 0.0002) g · cm -3 . Results are listed in Tables S1 to S4 and presented in Figure  S1 in the Supporting Information. Excess molar volumes, V E , are then calculated according to the following equation: where x i , M i , and F i are the mole fraction, the molar mass, and the density of component i, respectively.
Experimental V E data of studied mixtures are listed in Tables S1 to S4 in the Supporting Information with an accuracy greater than 0.0005 cm 3 · mol -1 . Figure 1 shows negative excess molar volumes over the entire mole fraction range for PIL mixtures with water, ethanol, and acetonitrile. In the case of longest carbon chain alcohols such as 1-octanol, the V E variations as a function of the composition describe positive deviations. Moreover, irrespective of the nature of the solvent in studied mixtures or of the sizes of the alkyl chain length in the case of alcohols, all excess molar volumes are limited (down to (0.5 to 2.0) cm 3 · mol ; corresponding to (0.2 to 1.3) % of the mixture's molar volume).
A more peculiar feature of these curves is their asymmetry, in other words, their V E maximum localization in mole fraction of PIL composition. In the case of acetonitrile PIL solutions, V E show a higher maxima at x 1 ) 0.7, whereas for aqueous solution, the maxima is observed at x 1 ) 0.25. In fact, asymmetrical curves of V E are more likely to occur when the two components of the mixture have a large molar volume difference, as is indeed the case for water or acetonitrile. For 35 
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alcohols, the V E curve is less symmetric with a maximum around x 1 ) 0.4. It is known that in several binary mixtures containing ILs the locus of maxima or minima in V E against composition is also away from the equimolar composition. 36, 37 Furthermore, several authors 27, 38, 39 have measured the excess molar volumes of binary mixtures containing (IL + alcohol) for alkylsulfatebased, tetrafluoroborate-based, and bis(trifluoromethylsulfonyl)imide-based ILs, respectively, and their results exhibit asymmetric curves with negative-to-positive trends as the alcohol alkyl-chain length increases.
The excess molar volume, V E , depends mainly on two factors: (i) variation in intermolecular forces between two components into contact and (ii) variation in molecular packing as a consequence of differences in size and shape of molecules. If interactions between unlike molecules are weaker than those between like molecules, excess molar volumes will be positive. This is the case of 1-octanol, which is responsible for specific interactions with the alkyl chain of the carboxylate anion, when the excess volume is positive. For the three other solvents, the interactions between unlike molecules are higher than those between like molecules that as a consequence negative V E are observed by following this order: water < ethanol < acetonitrile. The effect of acetonitrile being most marked is due to electrostatic repulsion with the imidazolium ring of the cation in solution. Figure 2 , the partial molar volume V j m,1 of the PIL in solution with all molecular solvents studied is reported for comparison. We note that, as expected, higher deviations from molar volumes of pure PIL are observed with acetonitrile mixtures.
Infinite dilution values (V j i ∞ ), reported in Table 2 , were determined by graphical extrapolation of the variations of V φi Table 1 . We show that the viscosity variation against temperature presents a hysteresis with a minimum at T ) 335 K. This behavior, also observed with water, acetonitrile, and ethanol solutions, can be explained by a micelle formation in the (PIL + 1-octanol) mixture. The micelle formation for [Im][C 7 CO 2 ], already described in previously work, 35 is favored by increasing the temperature and could explain that the viscosity increases by increasing the temperature from T ) (330 to 370) K as shown in Figure 4 . By then cooling the solution, the viscosity of the micellar system decreases lesser than the viscosity of nonmicellar solution, until reobtaining similar viscosity values for temperatures below 310 K. In other words, this temperature effect was not caused by a composition change within the temperature, but by most-probably a micellar formation between [Im][C 7 CO 2 ] and 1-octanol. A similar temperature effect was observed for binary systems containing water, acetonitrile, and ethanol in the whole composition range.
The viscosity deviations ∆η were calculated from the eq 7:
where x 1 and x 2 are the mole fractions of [Im][C 7 CO 2 ] and solvent, η, η 1 , and η 2 are the viscosity of the solution, the pure PIL, and the pure solvent, respectively. Experimental data of the viscosities η and viscosity deviation ∆η are listed in Table  3 . Figure S4a Table 3 and Figure 5c that in the case of ethanol, for all temperatures studied, ∆η is symmetrically positive over the entire composition range and decreases with increasing temperature, whereas, for 1-octanol and acetonitrile, ∆η of the ([Im][C 7 CO 2 ] + solvent) binary mixtures presents a symmetrical negative deviation in the whole mole fraction range and becomes less negative with increasing temperature (Table 3 and Figures 5b and 9d ). In the case of ([Im][C 7 CO 2 ] + water) binary mixtures, ∆η presents an S-shape with negative deviations for x 1 < 0.5 and positive deviations for x 1 > 0.5. The maximum of the deviation ∆η is observed at x 1 ) 0.8. In fact, the temperature influences strongly the viscosity deviations, but the observed compositions at the maximum in viscosity deviations were found to be almost constant and independent of temperature in each case. In Figure 6 , we report, for comparison, the viscosity deviations as a function of PIL mole fraction, x 1 , at 298.15 K for all studied ([Im][C 7 CO 2 ] + solvent) binary mixtures. It can be seen that the absolute deviation values, |∆η|, are from (5 to 20) mPa · s. Furthermore, the viscosity deviations show extrema near to equimolar compositions region (x 1 < 0.5) in the case of alcohols and acetonitrile solutions, and maxima were localized, in the case of water solutions, in the IL-rich composition region.
According to Bearman and Jones, 40 the viscosity of a mixture depends strongly on its entropy, which is related with the liquid's structure. Therefore, the viscosity deviation depends on molecular interactions as well as on the size and shape of the molecules. It can be seen in Figure 6 that, for acetonitrile and 1-octanol, the viscosity deviations are negative over the whole composition range. This behavior is characteristic of mixtures without strong specific interactions. On the contrary, ([Im][C 7 CO 2 ] + ethanol) and ([Im][C 7 CO 2 ] + water) mixtures exhibit positive and S-shape deviations with the mole fraction compositions, respectively. These viscosity variations could be attributed to the break-up of the self-association through hydrogen bonding. The sign of ∆η deviation can be explained by the competition between H-bonds and van der Waals interactions present in mixtures containing a molecular solvent and an ionic species. In the case of the mixture dominated by the van der Waals interactions (such as mixtures containing acetonitrile or 1-octanol), the ∆η deviation is negative. On the contrary, for mixtures containing ethanol, which is a protic solvent dominated by an H-bond, ∆η is positive. In the case of water, which presents strong H-bonds and van der Waals interactions, the sign of ∆η deviation depends on the composition, in other words, of the intermolecular association between the solute and the solvent.
On the basis of the theory of absolute reaction rates, 41 the excess Gibbs energies (∆G *E ) of activation of viscous flow were calculated from eq 8: Table 1. where V, V m,1 , and V m,2 are the molar volumes of the binary mixture and pure components. Calculated values of ∆G *E are shown in Table 4 . The ∆G *E for the binary mixtures are positive as shown in Figure 7 , and ∆G *E values steadily increases with the PIL mole fraction up close to 0.2. The observed ∆G *E values are positive for the entire mole fraction of ([Im][C 7 CO 2 ] + molecular solvent) binary systems, except in the case of 1-octanol mixture, which described an S-shape of ∆G *E values as a function of composition with a lower amplitude. Large positive values (in the case of water and acetonitrile binary mixtures) indicate the specific interaction leading to complex formation through intermolecular hydrogen bonding or van der Waals interaction between unlike molecules compared to like molecules. 
where C p1 0 and C p2 0 denote the heat capacities of pure compounds and x 1 and x 2 are their mole fractions, respectively. Calculated excess specific heat capacities C p E are reported at each temperature in Table 5 . Figure 9a- 
The dependence of the excess molar heat capacity on the mixture composition reflects indirectly the interactions between molecules in solution 17, 43 and can be showed by the example of ethanol mixtures of PIL (Figure 9b ). The negative values C p E for binary mixtures containing a protic solvent like ethanol and a proton donor like an imidaziolium cation and a proton acceptor like a carboxylate anion can be interpreted as result of two competing processes: self-association of ethanol molecules or PIL molecules at infinite dilution of PIL or ethanol in the mixture and heteromolecular association through hydrogen bonds. The first addition of PIL to ethanol has a drastic effect on the structure of ethanol: ions from the PIL are structurebreaking for the hydrogen bonds in ethanol. For acetonitrile the inverse effect is observed, and heteromolecule associations between CH 3 CN and [Im][C 7 CO 2 ] give rise to a positive contribution to C p E . 18 In the case of 1-octanol, the strong interaction of the long alkyl chain length of the alcohol is added to the interaction, between the anion group -CO 2 -and the imidazolium cation, arising from the heteromolecular association through hydrogen bonds.
Redlich and temperature were fitted by using the Redlich-Kister-type polynomial equation. 44 where Y E represents V E , C p E , and ∆η, x 1 and x 2 are the mole fraction of the components 1 and 2, and A i are the adjustable parameters. The optimum number of adjustable parameters A i was ascertained from an examination of the RAD, and the results are reported in Table 6 .
Conclusion
Volumetric properties of ([Im][C 7 CO 2 ] + solvent) binary systems with four molecular solvents (water, ethanol, 1-octanol, and acetonitrile) were studied at 298.15 K. Different behaviors were observed which reflected differences in the volumetric properties of the (PIL + solvent) systems. The volume excess, V E , for solutions of imidazolium octanoate, [Im][C 7 CO 2 ], and molecular solvents were determined from the experimental data. They exhibit negative deviations from the ideal behavior over the entire range for all (PIL + solvent) systems except in the case of 1-octanol. The apparent molar volumes at infinite dilution (partial molar volume at infinite dilution) for 
